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CHAPTER I 
INTRODUCTION 
Due to the lead smelting industry, automobile emissions 
from leaded gasoline, use of lead arsenate insecticide and 
use of leaded paint, lead is being widely spread in our envi¬ 
ronment. Children are especially susceptible to lead poison¬ 
ing because of their low body mass. A recent study reports 
that even levels of lead below "poisoning" levels have ad¬ 
verse effects on children (Needleman et al., 1979). In the 
past interior paints contained lead pigments and children 
were poisoned with lead through the practice of pica. More 
recently auomobile exhaust producing airborne lead, espe¬ 
cially in urban environments, has come to be recognized as a 
source of lead which can contribute to lead poisoning. It is 
our belief that although high lead levels have been well do¬ 
cumented in soils, soil has not been considered seriously 
enough as a possible contributor to the problem. Studies 
have shown that soils which have been exnosed to lead have 
accumulated it in their topsoil far beyond the naturally 
occurring levels (Linzon et al., 1976; Olson and Skogerboe, 
1975). Common lead levels in uncontaminated soil range from 
5-200 ppm (parts per million) with an average of 15 ppm 
(Swaine, 1955), whereas soils contaraina.ted with lead can 
contain over 1,000 ppm. This produces a potentially harmful 
situation. Plants which grow in the soil take up lead and 
1 
2 
can then pass it on up the food chain or return it to the 
soil. Another danger is that children may directly ingest 
the soil, especially those playing in vacant urban lots, and 
thus absorb harmful amounts of lead. In order to better 
understand the behavior of lead in contaminated soil it 
would be useful to know how soil properties influence the 
concentration of lead in the soil solution and the form of 
lead which controls that concentration. There are various 
components of soil which may occlude lead. It may be che¬ 
lated by the organic fraction of the soil or held on the ion 
exchange sites provided by organic matter and clay. It 
might be substituted for the cations in iron, aluminum and 
manganese oxide coatings. It may exist as a pure lead com¬ 
pound, of which there are various which are sparingly solu¬ 
ble, or it may be that lead in soil solution is influenced 
by a combination of these soil components. 
In order to investigate the form of lead in contamina¬ 
ted soils, extractions designed to distinguish the lead 
occluding fraction and solubility studies designed to iden¬ 
tify lead compounds controlling soil solution lead concen¬ 
tration were conducted. 
CHAPTER II 
LITERATURE REVIEW 
Lead concentrates in the top few inches of undisturbed, 
contaminated soils. In a study of the distribution and 
effects of heavy metals in a forested watershed near a lead 
smelter, Jackson and Watson (1977) collected data which show 
that at four sites ranging from 0.4-2.0 km from the smelter 
the lead content of the A2 horizon (average 6-26 cm) was 
approximately 109^ as great as the lead content of the A1 
horizon (average 0-6 cm).' Their control site, which was 
21 km from the smelter, showed 50^ as much lead in the A2 
as in the A1. Lagerwerff and Specht (1970), in a study of 
roadside heavy metal contamination of soil and vegetation, 
reported that at 8, 16, and 32 meters from one roadside the 
10-15 cm horizon contained 10% as much lead as the 0-5 cm 
horizon. Three other roadsides in the study, also sampled 
at 8, 16, and 32 meters each, contained an average of 50^ 
as much lead in the 10-15 cm horizon as in the 0-5 cm hori¬ 
zon. Colbourn and Thornton (1978), in a study of lead 
pollution of agricultural soils in a mining and smelting 
2 
area of approximately 400 km , took samples at 1-2 km 
intervals along two traverses of the area and found appro¬ 
ximately 509^ as much lead in the 30-45 cm layer as in the 
0-15 cm layer. It appears that lead in contaminated soils 
is not leached readily and thus not redistributed rapidly, 
3 
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and that the topsoil is effective in retaining lead. 
Studies have been performed to identify the nature of 
the binding of lead in soil. Olson and Skogerboe (1975), 
using X-ray povder diffraction, identified lead sulfate as 
the major lead compound in the top centimeter of eight con¬ 
taminated soils. Nriagu (1974) calculated the phase rela¬ 
tionships in a system of lead orthophosphates and determined 
that chloropyromorphite (Pb^(PO^)^C1) and plumbogummite 
(PbAl^(oh)^(PO^)2•H2O) have the thermodynamic stability to 
predominate over other lead orthophosphates in soil and 
sedimentary environments. Lead can also form other very 
insoluble inorganic compounds which may occur as mixed pre¬ 
cipitates in soil. Equilibrium studies involving the addi¬ 
tion of lead solutions to uncontaminated soil indicated that 
PbCO^, Pb(0H)2, Pb3(P0^)2, Pb5(P0^)30H, or Pb^0(P04)2 may 
precipitate, depending on pH (Santillan-Medrano and Jurinak, 
1975). Lagerwerff and Brower (1973) investigated the ad¬ 
sorption/precipitation behavior of lead solution added to 
soil and concluded that the precipitate formed consisted of 
more than one compound. Other studies indicate that organic 
chelation is the primary mechanism for lead retention by 
soils. Soldatini et al. (1976) studied adsorption of lead 
from solution by 12 soils. They calculated correlation 
coefficients which showed the adsorption of lead to be 
effected by clay and organic matter but not by manganese 
oxides. Hildebrand and Blum (1975) studied the adsorption 
5 
of lead by clays and humic materials extracted from soils. 
They found a linear increase in humus binding of lead from 
pH 2-8. Also they found greater adsorption of lead by mont- 
raorillonite than by kaolinite or illite. They concluded 
that organic matter vas more important than clay in the 
binding of lead. Zimdahl and Skogerboe (1977) studied the 
adsorption of lead from solution by 17 soils and found that 
lead behavior correlated with pH and cation exchange capa¬ 
city. They suggested that lead in soil is primarily asso¬ 
ciated with the organic fraction. 
In addition to forming sparingly soluble compounds, 
lead forms soluble complexes vith both organic and inorganic 
ligands. Schnitzer and Skinner (1967) reported a stability 
constant of 10^ for the complex betveen lead and fulvic 
acids extracted from soil. Stevenson (1976) used humic 
acids extracted from three soils and determined a stability 
7 
constant of 10 for the lead complex. Formation constants 
for inorganic complexes, as veil as compounds that may con¬ 
trol the solubility of lead in soil, are listed in Table 1. 
Since non-equilibrium conditions prevail in soil, it is 
possible that several of these species play a role in con¬ 
trolling lead concentration in any given soil solution. 
Differences in pH and anion concentrations betveen different 
soils may also determine the species thet might be control¬ 
ling lead concentrations. 
6 
Table 1.Equilibrium constants for reactions of minerals and 
solution species used to describe lead mineral solubility. 
Equilibrium iceaction log K° Reference 
PbSOw N = Pb^'^+ S0^“ 
4(s) 4 -7.79 
Lindsay (1979) 
PbCO.. V + 2E^ = Pb^% H^O 
3(s) 2 4 C02( g) "-"5 
Lindsay (1979) 
Pb(0H)2(^)+ 2H'^ = Pb^'^+ 2H2O 8.16 Lindsay (1979) 
Pb5(P04)30H(^)+ 7H'^= 5Pb2‘^+ 
SHjPO; 
H2O + 
« 1 Lindsay (1979) 
’pb.O(PO^)^+ 6H'^= 4Pb^'^+ H^O 
2H^P0. 
2 4 
+ 
2.24 Lindsay (1979) 
Pb.(POj,Cl, >+ 6H'^= 5Pb^'^+ 
5 4 3 (c) 3H2PO; 
Cl"+ 
-25.05 Lindsay (1979) 
Pb(H2P04)2(^)= Pb2++ 2H2PO; -9.85 Lindsay (1979) 
PbHPOw K+ H‘^= Pb^% H^PO“ 
4(c) 2 4 
-4.25 Lindsay (1979) 
PbAl.(OH).(PO.)o*H^=Pb^‘^+ 3A1^“^+ 
3 5 4 ^ ^ 50H"+ 2P0;^“ -97.42 t 
P0^“ = HPO^" 
4 4 
12.35 Lindsay (1979) 
h4+ iIPO?“ = H2PO4 7.20 Lindsay (1979) 
H++ H2P0; = H3P0° 2.15 Lindsay (1979) 
Pb^'^+ H^O = PbOH'^+ H'*' -7.70 Lindsay (1979) 
continued 
t Calculated fromAG° estimates by Nriagu (1974). 
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Table 1•Continued. 
Equilibrium Reaction log K® Reference 
?b^% Cl" = PbCl*^ 1 .60 Lindsay (1979) 
Fb^% NO3 = PbNO^ 1.17 Lindsay (1979) 
Pb^^ 
°°2(g) ̂
 H^O =* PbCC® 2H‘^ -14.75 Lindsay (1979) 
^°2(g) + HjO 
= HCO^ ^ H'*’ -7.82 Lindsay (1979) 
Pb^% 
2- so; = PbSO° 4 2.62 Lindsay (1979) 
ai3% 3KO3 » A1(!{03)° 0.12 Lindsay (1979) 
sof- = Also* 3.20 Lindsay (1979) 
Al^+ 4H2O = : A1(0H)4 + 4H* -23.33 Lindsay (1979) 
Ai3% 3H2O = A1(0H)3 + 3H* -14.99 Lindsay (1979) 
ai3% 2H2O = A1(0H)2--*- 2H* -9.30 Lindsay (1979) 
ai3% H2O- aIOH^* + H* -5.02 Lindsay (1979) 
CHAPTER III 
THEORETICAL: DEVELOPMENT OF SOLUBILITY DIAGRAMS 
Graphical representation of solubility data is accom¬ 
plished by algebraic manipulation of solubility equations. 
Consider the following reaction: 
A B, ^4 aA + bB K 
a b so 
Since the activity of a solid is taken as equal to one 
we can express this as: 
(A)“ X (B)'> = 
It follows that: 
a X log (A) + b X log (B) = log K 
o U 
a X log (A) = -b X log (B) + log K 
s o 
log (A) = - ^ X log (B) + ^ X log 
If the solubility product, K , is known, this can be 
SO 
graphed asy=mxX+b where log (A) = y, - — = slope m, 
log (B) = X, and ^ x log = intercept b, and is the 
theoretical solubility line. The significance of the graph 
is that if (a) and (B) are known in a system then it can be 
determined whether or not equilibrium with solid A B, exists 
& D 
in the system by comparison of A and B activities with the 
theoretical solubility line. More complex solids require 
more algebraic manipulation in order to represent all var- 
ables on a two dimensional graph. The equilibrium diagrams 
8 
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pertinent to lead solubility are developed as follows. The 
constants used and their sources a.re listed in Table 1 , 
Graph of pH/Pb vs pIl/lI^PO^. 
PbHrO.+ H'*’ = Pb^‘*‘+ H^P0“ K = 
4 2 4 so 
log log H-PO" - log H'*' = -4.25 
log Pb^'^+ pH = -4.25 - log HjPO' 
log Fb^^ 2pH = -4.25 - log H.PO” + pH 
pH + ^log Pb^"^ = -2.125 + |(pH - log H2P0P 
Graph of pH/Pb vs pH/H2P0^/Cl. 
Pb.(P0^)2Cl + bH"^ = 5Pb^'^+ 3H2PO“ + Cl" 10“^^*°^ 
51og Pb^''’+ 31og H PO" + log Cl“- blog H*^ = -25.05 
51og Pb^% bpH = -25.05 - 31og H2p0" - log Cl" 
51og Pb^^+ lOpH = -25.05 — 31og H2P0^ — log Cl + 4pH 
pH + ilog Pb^"^ = -2.505 - Y§log H2P0^ - j^log Cl"+ y^pH 
pH + llog Pb^"^ = -2.505 + (^pH - rj^log H2P0^ - j^log Cl") 
10 
Graph of Pb vs pH/H2P0^/Cl. 
Pb-(P0.),C1 + 6H‘*’ = 5Pb^'^+ 3H^P0T + Cl“ K = 
5 43 24 so 
51og Pt>^‘^+ 31og H2P0“ + log Cl“- 61og H"*" = -25.05 
51og Pb^% 6pH = -25.05 - 31og H^PO" - log Cl“ 
51og Pb^"^ = -25.05 - (31og H,P0~ + log Cl“+ 6pH) 
log Pb^"^ = -5.01 - 4(31og HjPO" + 6pH + log Cl~) 
Graph of Pb/pH/Al vs pH/H.PO . 
The plumbogummite (PbAl^ (OH) ^ (P0^)2*1120) solubility 
product was calculated from Gibbs standard free energy of 
formation (AG^) values* Nriagu (1974) calculated a standard 
free energy of formation of -1,225.7 kcal/raole for plumbo— 
gummite. Using the standard free energies of formation 
(kcal/mole) for each of the components (Pb = -5.83, 
-117.33, 0H“= -37.59, PO^^ -245.18, and H2O = -56.687, 
Lindsay, 1979), the solubility product was calculated using 
the equations: A = A G« products - AG« reactants, and 
A G°_ ^ ^ 
= -2.303 KT* 
AG° = (-5.83) + 3(-117.33) + 5(-37.59) + 2(-245.18) 
+ (56.687) - (-1,225.7) = 132.88 
, „o _ A G°_ 132.88 _ 07 
log A _ _2,3o3 rt - -2.303 HT “ 
11 
log K° 
PbAl2(0H)5(P04)2-H20 = Pb^% 3A1^% 50H"+ 2'£ol~+ H.O -97.42 
2H‘^+ 2P04“ = 2HP04" 24.70 
2H*+ 2H2PC^~ = 2H2P0^ 14.40 
5H% 50H“ = 5H2O 70.00 
PbAl^CH5(P04)2H20 + 9H*' = Pb^% 3A1^‘^+ 2H2PC" + 6H2O 11.68 
log Pb^'^+ 31og 21og H2PO4 - 91og = 11.68 
log Fb^'^+ 31og Al^'^+ 9pH = 11.68 - 21og H2PO" 
log th^'^+ 31og Al^% llpH = 11.68 + 2pH - 21og H2P0“ 
log Pb^''’+ 31og Al^% llpH = 11.68 + 2(pH - log H PO") 
3+ 
CHAPTER IV 
MATERIALS AND METHODS 
The total lead, pH, and origin of the soils used in this 
study are listed in Table 2* 
Lead Fractionation 
Exchangeable lead. Soil solution and exchangeable lead vere 
measured using the procedure developed by McLaren and Craw¬ 
ford (1973) for measuring soil solution and exchangeable cop¬ 
per. A 4g sample of soil was shaken with 40 ml of 0.05M 
calcium chloride in plastic centrifuge tubes for 24 hours at 
25°C. The tubes were then centrifuged, the supernatant de¬ 
canted and then acidified with hydrochloric acid to pH 1 ,4 
to prevent loss of lead before analysis of solution for lead. 
Lead bound to organic matter. In an attempt to extract orga¬ 
nically bound lead, 2g of soil were placed in Erlenmeyer 
flasks and extracted with 40 ml 0.001, 0.005, or 0.01 M cop¬ 
per nitrate by shaking for 24 hours on a wrist action shaker. 
After centrifugation the supernatant was decanted and then 
analyzed for lead. The remaining soil was then extracted 
with copper nitrate solution for another 24 hour period. 
Specifically sorbed lead. The method for the extraction of 
copper bound mainly by inorganic sites, "specifically sorbed 
copper", described by Mclaren and Crawford (1973) was used 
12 
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Table 2. Soils Data 
Soil 
Number 
Origin pH 
Total Lead 
ug/g soil 
1 Marlboro M.D.C. 
filter bed 5.18 400 
2 Dorchester 6.18 1,100 
3 Southbridge 5.34 1,500 
4 Southbridge 6.85 1 ,000 
5 Easthampton 6.13 1,100 
6 South Boston 6.75 700 
7 Dudley 5.70 1,100 
8 Webster 4.45 1 ,500 
9 Webster 5.00 1,300 
10 Warren 5.29 1 ,300 
14 
to extract "specifically sorbed lead". Four grams of soil 
were shaken with 40 ml 2.5fo acetic acid in plastic centrifuge 
tubes at 25°C for 24 hours. The suspensions were then cen¬ 
trifuged, the supernatants decanted, and then analysed for 
lead. After the initial extraction the s*oil samples were 
extracted successively ten more times with 2,5fo acetic acid 
for varying periods of time. 
In another acetic acid extraction experiment, 40 ml of 
2,5% acetic acid were shaken with 1,2, and 4g of soil for 24 
hours at 25°C to determine the effect of the soil to solu¬ 
tion ratio. 
Lead bound by iron and manganese oxides. In order to deter¬ 
mine if lead was bound in iron and manganese oxides, 2g of 
soil were extracted for 24 hours in Erlenmeyer flasks with 
40 ml 0.1 M cobalt nitrate on a wrist action shaker. 
Solubility Studies 
For the solubility experiments, soil samples were equili¬ 
brated with either water or 0.01 M calcium nitrate. Two 
ratios of soil to solution were used: 4g soil/50 ml solution 
and lOg soil/30 ml solution. Dilute nitric acid or calcium 
carbonate was used to adjust pH of the suspensions. The soil 
suspensions were incubated in Erlenmeyer flasks at 25^0 in a 
constant temperature bath for varying periods of time. 
15 
During incubation the samples were aerated continuously 
vith air saturated vith vater. Saturation of the air vith 
vater vas achieved by passing compressed air through gas 
vashing bottles filled vith distilled and deionized vater. 
The air first passed through a 250 ml capacity Sargent, 
extra course, pyrex gas vashing bottle, and then through a 
270 ml, glass helix, Pisher-Milligan gas vasher. Tygon tub¬ 
ing provided all connections. 
The saturated air vas distributed to the sample flasks 
via the aeration apparatus depicted in Figure 1• The aera- 
3 
tion apparatus vas constructed of ^ inch PVC pipe and elbovs 
mounted on stainless steel tray. Polyethylene and poly¬ 
propylene T-shaped tubing connectors vere fitted into holes 
drilled in the PVC pipe and sealed to the pipe vith epoxy. 
Tygon tubing connected the plastic T vith 9 inch glass 
capillaries. The glass capillaries sat in 125 ml Erlenmeyer 
flasks vhich vere attached to the tray vith packing tape. 
The saturated air passed through a catch flask before enter¬ 
ing the PVC pipe distribution system. The steel tray sat in 
a Magni Vhirl constant temperature refrigerated bath and vas 
agitated by a motor connected to the tray. 
Immediately folloving incubation a glass-body combina¬ 
tion pH electrode vas inserted into the soil for pH measure¬ 
ment. The solution vas then transferred to 40 ml centrifuge 
tubes. Folloving centrifugation for 10 minutes at a RCF of 
sa
tu
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te
d
 
16 
■t'iP'. 1. Aeracion .^r^paratus 
S
te
el
 
17 
12,000 g, the solution vas decanted into plastic storage con¬ 
tainers and the electrical conductivity vas measured* In 
turn, measurement was made of lead, chloride, sulfate, phos¬ 
phate, aluminum, and nitrate. The activity of these ions 
vas calculated as described in the chapter entitled 
•* Activity Corrections ". 
Electrical conductivity was measured with a Beckman 
Solu-Bridge. 
Lead was measured with an IL 551 atomic absorption 
spectrophotometer with automatic background correction. 
Lead concentrations greater than 0.05 ppm were measured at 
217 nm using flame atomization, while smaller concentrations 
were measured at 283 nm using graphite furnace atomization 
with a molybdenum coated cell to minimize matrix interference 
(Carmak and Evenson, 1979). Furnace measurements were effec¬ 
tive over a range from 0.004 to 0.05 ppm lead. 
To atomize lead with the furnace, the furnace chamber 
was heated to 75°C over a period of 20 seconds, then to 
100°C over a period of 25 seconds, to 300°C over a period 
of 20 seconds, to 500°C over a period of 20 seconds; and 
then peak absorption was monitored over a 5 second period as 
the temperature rose to 2,000°C. 
Monomeric aluminum was measured by spectrophotometry 
at 395 nm after complexing with 8-hydroxyquinoline and 
extraction with butyl acetate (Weaver and McBride, 1978). 
18 
Sulfate was measured by spectrophotometry at 420 nm 
following the turbidimetric method outlined in Standard 
Methods, 14^^ edition, 1975. 
Phosphate was measured by spectrophotometry at 880 nm 
following a method detailed by Vatanabe and Olsen (1965). 
Chloride was measured coulometrically with a Buchler 
Chloridometer• 
For the calculation of carbonate concentrations, the 
pressure of CO2 over the solutions was taken as 0.0003 atm., 
the pressure of CO^ in the atmosphere. 
The error range for several of the figures was calculated 
assuming a possible ^ 0.2 deviation of pH measurements as 
well as other ionic measurement errors (see Appendix 1). 
CHAPTER V 
ACTIVITY CORRECTIONS 
In order to correct the total analytical concentration 
of elements to their ionic activities for subsequent appli¬ 
cation to the pertinent thermodynamic solubility equations, 
corrections for activity coefficients and ion pair formation 
were made. The solution concentration of an ion vas calcu¬ 
lated by correcting the total analytical concentration for 
ion pair formation with other solution components, using 
constants listed in Table 1. The significant components 
were lead, aluminum, hydrogen, hydroxyl, chloride, sulfate, 
nitrate, phosphate, and carbonate. Because of the various 
ionic radii of the solution components, a monovalent and a 
divalent activity coefficient were calculated with the 
Guntelberg equation (Sturam and Morgan, 1970) which does not 
include an ionic radius term. The Guntelberg equation is 
log f = (-AZ^/l)/(l+>fT) where f represents the activity 
coefficient, A is a constant (0.509 at 25°C), Z represents 
the ionic charge, and I the ionic strength of the solution. 
The ionic strength of the solution was calculated using the 
equation: I = 0.013 x electrical conductivity in mmhos per 
centimeter (Griffin and Jurinak, 1973). 
19 
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Development of the correction equations for lead 
activity was as follows: 
(Pbj) = + (PbOH"^) + (PbCl"^) + (PbNOp + 
(PbCOp + (PbS0°) (1] 
K 
CPbOHq= ■ -■■■■ = f. (PbOH"^) 
[h J ’ {2} 
K f (Pb2+) 
(PbOH+) = ■ - ^3} 
[PbCl'^J= K2[Pb^T[Cl”]= f^(PbCl'*') {4} 
, K,f,(Pb2+)f (Cl~) 
(PbCl"*^) = -3-2- 
N 
[PbN0p= K^lPb^TLNOp = f^(PbN0p 
H 
. K-f,(Pb2'^)f, (no:) 
(pbNo:t) = p-^^ 
_ _ K.[Pb^q 
[PbCC°]= ■'= (PbCOp 
m 
(PbCO°) = ^ - 
[PbSoJ = K5[Pb2+][so^“] = (PbSC^) }10| 
(PbSO^) = K5f2(Pb2'')f2(2°4“) hii 
21 
Substituting equations 3,5,7,9, and 11 into equation 1 and 
rearranging: 
K,f,(Pb2+) 
(Pb^) = (Pb^^) +'12 + K f (Pb2+)(C1-) + 
2 _ K f (Pb^"^) 
K3f2(Pb^^)(N03) + - 
[h"]' 
+ K3f2(Fb2+)(S04~) [12] 
(Pb^"^) 
( \ ( ^ . 
= (^(Pb,,)] X ^(1+ f [h"^] K2f2(Cl ) + K3f2(N0~) + 
K.f 
£l2 + K5f‘(S0r) 
>) [h"^] 
where parentheses denote concentration and brackets denote ac¬ 
tivity, (Pb,p) is the total analytical concentration of lead, 
^ are equilibrium constants and f^ and f2 are activity co-“ 
efficients for monovalent and divalent ions, respectively, 
calculated using the Guntelberg equation. These calculations 
2+ 
were made using a programmable calculator. Finally, the Pb 
concentration was corrected for activitv bv use of the di- 
w 
valent activity coef f icientPb^'^J = f^(Pb^'**).' 
The activity of H**" and GH are neasurea directly with 
the pH electrode. 
Chloride activity Wr S calculated by enplying the ’^ono- 
v-lent activity coefficient to the total ^nalyticnl concen- 
tr'-^tion of chloride. 
The concentration of dihydrogen orthophosphate was 
calculated by assuming that at the pH of the samnles all of 
2- - 
the orthophosphate existed as HPO^ and then 
using the relationship: H"*'+ HPO^ = H^PO^ , log K = 7.20. 
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Uncomplexed aluminum vr>s calculated by correc¬ 
tion of the measured monomeric aluminum concentration for 
hydroxide, sulfate, and nitrate complexes, and then correc 
ting to activity using the trivalent ion activity coeffi¬ 
cient calculated using the Guntelberg equation. 
CHAPTER VI 
RESULTS AND DISCUSSION 
In the 0*05M calcium chloride extraction of soils one 
and two for displacement of exchangeable lead, a total of 
1.0 ppm lead was extracted from soil one and 1.3 ppm from 
soil two. This is less than 1% of the total lead in both 
soils which indicates that only a small amount of lead is in 
an exchangeable form. 
In the 0.1M cobalt nitrate extractions of soils one and 
two for iron and manganese oxide bound lead, less than 1 ppm 
and less than 1^ of the soil lead was extracted from either 
soil which indicates that only a small amount of lead is 
bound in the iron and manganese oxide coatings. 
Table 3 shows the results of the copper nitrate extrac¬ 
tions of soils one and two for organically bound (chelated) 
lead. At the lowest concentra,tion of copper nitrate (O.OOIM) 
less than 1 ppm and less than 1^ of the lead was extracted 
from soil one in both the first and second extractions. The 
first O.OOIM copper nitrate extraction of soil two yielded 
2 ppm lead, while the second 24 hr period yielded 10 ppm lead, 
which is less than of the total lead in both cases. With 
a higher concentration of copper nitrate (0.005M), more lead 
was extracted. Six and 10 ppm lead were extracted from soil 
one which is less than 3^ in both cases. Thirty and 
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Table 3. Effect of CuCNO-)- concentration on extraction of 
soil lead. 
• 
Soil One Soil Tvo 
Cu(X03)2 
(M) 
Pb 
extracted 
ug/g soil 
^ of 
total 
Pb 
extracted 
ug/g soil 
^ of 
total 
0.001 4.1 41 2 0.2 
first 
24 hr 0.005 6 1.5 30 2.7 
0.010 8 2.0 27 2.5 
0.001 <1 ^1 10 0.9 
second 
24 hr 0.005 
10 2.5 50 4.6 
0.010 13 3.3 46 4.2 
50 ppn lead vere extracted from soil tvo vhich is less than 
10^ in both cases. With a further increase in the concen¬ 
tration of copper nitrate to 0.01 M there vas a 30^ increase 
in extracted lead over the 0.005 M extraction for soil one in 
both the first and second extractions. Soil tvo did not 
demonstrate any increase in extractable lead with the 0.01 M 
copper nitrate in either the first or second extractions. 
Since the increase in copper nitrate concentration from 
0.005 M to 0.01 M did not produce a comparable increase in 
lead extracted, and further since in all cases the amount 
of lead extracted vas less than 5/® of the total lead in 
either soil, it appears that the major fraction of lead in 
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soil is not held in the organic matter. 
The results of the 2.5^ acetic acid extractions of 
soils one and two are shown in Tables 4 and 5. The first 
24 hour extractions removed 5% and Sfo of the lead from 
soils one and two, respectively. Since each extractant of 
the fractionation method being followed should remove only 
the specified fraction of soil lead, and should not affect 
other forms of soil lead in the sample, the acetic acid 
extraction was repeated to make sure all of the "specifi¬ 
cally sorbed lead" had been removed. Table 4 shows that 
a similar amount of lead was removed upon repeating the 
acetic acid extraction on the original soil samples. A 
repeat of the extraction nine more times for varying periods 
of incubation shoved similar amounts of lead removed by 
each extraction. Also, a 5 day incubation time removed 
the same amoiint of lead as a 24 hour incubation time. These 
results suggest that a lead compound was dissolving to form 
a saturated solution. If this was so, then different ratios 
of soil to solution should produce the same equilibrium 
composition. This is demonstrated in Table 5 where it can 
be seen that ratios of 2 and 1 gram of soil to 40 ml of 
extracting solution produced solution concentrations of 
lead similar to the 4 grams/40 ml ratio for both soils one 
and two. Thus as a smaller amount of soil is used a pro¬ 
portionally greater percentage of lead was extracted to 
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Table 4. Amount of lead removed by successive extractions 
with 2.5% acetic acid. 
Extraction 
period 
Soil One 
Pb 
extracted 
ug/g soil 
of 
total 
Soil Two 
Pb 
extracted 
ug/g soil 
% of 
total 
24 hr 20 5.0 86 7.8 
24 hr 16 4.0 73 6.6 
24 hr 13 3.3 73 6.6 
24 hr 16 4.0 58 5.3 
48 hr 17 4.3 57 5.2 
24 hr 16 4.0 46 4.2 
5 days 21 \j
i 
*
 54 4.9 
16 days 25 6.3 54 4.9 
24 hr 12 3.0 33 3.0 
48 hr 17 4.3 32 2.9 
9 days 13 3.3 28 2.6 
produce the equilibrium solution* For example, for soil 
two, when 4 grams of soil were used, 67 ppm or 6.1% of the 
lead was extracted and when the amount of soil was 
decreased to 1 gram, 240 ppm or 21.8% of the lead was 
extracted - approximately four times as much per gram of 
soil as with the 4 grams of soil. Thus it appears that a 
27 
Table 5. Comparison of solution lead concentrations 
produced by 2.59^ acetic acid extractions at different 
soil to solution ratios. 
Soil One Soil Tvo 
Solution Solution 
Pb % of concen— Pb ^ of concen— 
extracted total tration extracted total tration 
(ppm) (ppm) (ppm) (ppm) 
4g/40ml 15 3.8 1 .5 67 6.1 6.7 
2g/40ml 32 8.0 1 .6 172 15.6 8.6 
1g/40ml 48 12.0 1.2 240 21 .8 6.1 
saturated solution is produced and therefore that a lead 
compound is controlling the solubility of lead in these soils. 
Solubility Studies 
In the solubility studies several more soils were used 
than in the previous experiments. All samples were incu¬ 
bated at 25°C in the constant temperature water bath. 
Different incubation times and soil/solution ratios were 
tested to establish appropriate methods of achieving equi¬ 
librium. 
The results of 3 and 4 week incubations of soils one 
and two at two different soil/solution ratios (l0/30 and 
2+ 
4/50) are shown in Pig. 2 as a graph relating Pb to pH. 
Although in general the 10/30 ratio supports a higher lead 
soil/ 
soln. 
ratio 
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pH 
Fi^. 2. Solubility of lead in soils 1 and 2 at two soil to 
solution ratios in relation to the solubility of ]’bC0^ and 
Pb(0H)2. 
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activity than the 4/50 ratio, the difference is small. Vhen 
phosphorus is incorporated in the equilibria calculations to 
produce a graph of pH + -^log Pb vs pH - log H^ PO^ in Fig. 3, 
it can be seen that a 4/50 ratio supports an equilibrium 
solution equivalent to a 10/30 ratio, with respect to lead, 
pH, and phosphorus. These results indicate that differences 
— 2+ 
in H2P0^ activities were responsible for differences in Pb 
activities between the two soil/solution ratios, suggesting 
that a lead phosphate controls lead solubility in the soil. 
A soil/solution ratio of 4/50 was chosen for the rest of the 
solubility studies in order to conserve soil and to provide 
a greater amount of solution for analysis. With the 4/50 
ratio the amount of lead removed from the soil by the solu-fc' 
tion in all the solubility studies was generally less than 
\io of the total soil lead. 
Figure 4 shows the effect of pH on lead concentration 
for soils one and three at two different incubation periods 
for each soil. Lead concentration decreases with increase 
in pH and the relation of lead to pH appears to be inde¬ 
pendent of time. Further experiments were carried out 
with incubation times of at least 5 days. 
It is apparent in Figs. 2 and 4 that lead is very 
insoluble except at very low pH. Below pH 7 there is no 
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Fig. 3. The effect of pH and phosphate on lead activities in 
solution in equilibrium with soils 1 and 2 at two soil to 
solution ratios. 
31 
Fig. 4. The effect of lead concentration for soils 1 
and 3 at tvo different incubation periods. 
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correspondence with lead carbonate solubility or lead hydro¬ 
xide solubility. Figure 5 shows that lead sulfate solubility 
is much greater than the compound in these soils. 
To determine if lead solubility was controlled by one of 
the lead phosphates a graph (Fig. 6) was made relating pH + 
^log Pb to pH - log H^PO^. The sample points cross the solu¬ 
bility lines for Pb^0(P0^)2, Pb^(?0^)^CH, Pb^(P0^)2, and 
PbHPO^; but the points do not fall along a section of any 
given line. However, the points are parallel to the 
Pb(H2P0^)2 solubility line, indicating that there is a 1:2 
relationship of lead to phosphorus in the soil lead compound. 
Following on this possibility a search was made for a com¬ 
pound containing a lead to phosphorus ratio of 1:2. It was 
found that a theoretical solubility product had been calcu¬ 
lated for the compound plumbogummite (PbAl^(OH)^(P0^)2H20). 
Before measuring the aluminum content of the solutions a 
theoretical solubility line was calculated for the pH + 
ilog Pb versus pH - log H^PO^ graph which assumed that alumi¬ 
num activity was controlled by amorphous aluminum hydroxide 
(Al(OH)^). Figure 6 shows that all of the sample points 
for soil two fall near the solubility line. The aluminum 
in the solutions was then measured to confirm that its 
solubility was controlled by amorphous aluminum hydroxide. 
However, Fig. 7 shows that total monomeric aluminum in 
the solutions corresponds to aluminum hydroxide 
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Pig. 5. Solubility of lead in soils 1 and 2 in relation to 
the solubility of PbSO^. 
34 
Fig, 6. Solubility of lead in soils 1 and 2 in relation to 
lead phosphates. 
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Pig. 7. The effect of pH on aluminum in solution in 
equilibrium vith soils 1,2, and 3. 
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solubility only in the higher pH range. Combining the Pb, 
Al, pH, and ™®®>surements in Pig. 8 of log Pb + 11 pH + 
31og Al versus pH - log H^PO^, it is apparent that the soil 
solutions correspond with plumbogumraite solubility only at 
high pH. 
The last lead phosphate compound considered vns chloro- 
pyromorphite (Pb^(PO^)^Cl). The solubility product for this 
compound was determined by Nriagu (1973). Figure 9 is the 
chloropyroraorphite solubility graph. The sample points for 
soils two and three follow the solubility line in the pH 
range 2.5 - 5.5. At higher pH the solubility of the samples 
appears to increase at a greater rate than chloropyromorphite. 
Up to this point it was assumed that there is no organic 
lead coraplexation in the soil solutions. This simplifying 
assumption was made because at this time there is no method 
to correct lead concentration to activity for a solution 
containing a complex mixture of organics. 
Since ionization of organic chelating groups increases 
as pH rises, at higher pH values there are more sites avail¬ 
able lui tne binding of lead. Thus if leau organic com¬ 
plexes are formea In soil solution tnen the extent of com— 
plexation should increase with increasing pH. This may 
explain the apparent higher solubility than chloropyromor¬ 
phite at high pH. 
In order to investigate possible lead organic com- 
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Fig. 8. Solubility of lead in soils 1,2, and 
the solubility of plumbogummite* 
3 in relation to 
38 
Fig, 9. Solubility of lead in soils 1-5 in relation to the 
solubility of chloropyromorphite, 
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plexation, samples were incubated vith 0.01 M calcium nitrate. 
Calcium forms strong complexes vith organic matter and should 
be competitive vith lead for organic sites. The results 
of these incubations are shovn in Fig. 10. The lead acti¬ 
vity vas decreased by the calcium nitrate by as much as 0.5 
log units. This indicated that lead organic complexation 
may have caused calculated lead activities to be too high. 
¥hile the incubations vith calcium nitrate do not bring 
the sample points onto the chloropyromorphite line, they do 
seem to shov an organic effect. Also they bring some of the 
points vithin the error range. 
Data points for soil one lie belov the chloropyromor¬ 
phite solubility line and it is probable that some other 
mechanism is at vork due to the origin of soil one, vhich 
vas a sevage filtration bed. 
Finally, five soils vhich to this point had not been 
investigated, vere incubated vith calcium nitrate at various 
pH values. The results of these incubations are shovn in 
Fig. 11 vhere it can be seen that all five soils conform 
fairly closely vith the chloropyromorphite solubility line. 
In order to see if the calcium nitrate incubations had 
also brought the points close to the solubility line of one 
of the pure lead phosphates. Fig. 12 vas made. This graph 
shovs that at any given combination of pH and acti¬ 
vity, the activity of lead represented by the least soluble 
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Pig. 10. Solubility of lead in soils 1-5 incubated vith 
0.01M Ca(N0^)2 in relation to the solubility of 
chloropyromorphite. 
41 
Fig, 11. Solubility of lead in soils 6-10 incubated vith 
0.01M Ca(N0^)2 in relation to the solubility of 
chloropyromorphite. 
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Pig. 12. Solubility of lead in soils 6-10 incubated with 
0.01M Ca(N0^)2 in relation to the solubility of lead 
phosphates• 
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of the pure lead phosphates is about 100 times greater than 
the lead activity in our soils. 
In order to directly compare the lead activities 
in these last five soils with the lead activity of a 
saturated chloropyromorphite/water system, a graph of lead 
versus pH/H2P0^/Cl was made. This graph is shown in Fig. 13. 
Most of the experimental points fall within the probable 
error calculated. 
If chloropyromorphite is the solid phase controlling 
lead solubility then the effects of pH and phosphorus on 
the lead concentration in soil solution can be predicted by 
-4 
use of Fig. 14. In this graph a level of chloride of 10 
molar is assumed and lead concentration versus pH is graphed 
at two levels of phosphorus. It can be seen that each unit 
increase in pH will result in approximately a tenfold de¬ 
crease in solution lead concentration., a one hundredfold 
increase in phosphorus concentration will result in appro¬ 
ximately a tenfold decrease in solution lead concentration. 
Thus it appears that maintenance of a high pH and phosphorus 
content of soil can minimize the dissolving of lead in soil. 
The levels of lead which were measured in solution in 
the solubility studies were generally between 0.01 and 1 ppm. 
Assuming that the higher level prevails, a maximum leaching 
rate can be calculated. Forty inches of rainfall per year 
produces 4 million liters of water per acre per year. If 
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i(31og HjPO" + 6pH + log Cl”) 
Pig. 13. Direct comparison of lead activities in soils 6—10 
(0.01M Ca(N0-)2 incubations) with the solubility of 
chloropyromorpnite• 
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—4 
Fig, 14. The effect of pH on lead activities, assuming 10 M 
Cl“*, in a saturated chloropyromorphite solution, at tvo 
levels of phosphate. 
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1 microgram of lead dissolves per milliliter of water then 
approximately 10 pounds of lead will dissolve per acre per 
year. The levels of total lead in the soils used were 
generally about 1,000 ppm which is equivalent to 2,000 
pounds of lead per acre furrow slice. Two thousand pounds 
of lead leaching at a rate of 10 pounds per year implies 
200 years for the complete leaching of the lead from the 
surface 6 inches of soil. Considering that 1 ppm of lead 
dissolving in solution is a high figure, and lead leached 
from the surface soil may be retained in the subsoil, it 
appears that complete leaching of the lead from such a soil 
would require a much greater time. 
The studies show that lead will not leach away from the 
root zone rapidly and therefore that uptake by plants could 
best be minimized by maintaining high pH and phosphorus in 
soil to control the amount of lead in soil solution. 
Because of the heterogeneous nature of soils and the 
improbability of ever achieving a perfect equilibrium soil 
solution, it is not surprising that the samples do not 
perfectly follow the solubility of a pure mineral. These 
results indicate that chloropyromorphite is the solid phase 
controlling lead concentration in these soils, but more 
importantly, it is evident that over a wide range of pH the 
soil lead is very insoluble and under natural circumstances 
is not likely to travel far once it has been incorporated 
into the soil environment. 
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ERROR CALCULATION 
In calculating the experimental error for each of the 
figures, a median activity for each ion represented in a 
figure was first identified. The "plus or minus" error of 
the concentration measurement for the ion vas then added to 
the median activity and the log vas computed; and the "plus 
or minus" error vas subtracted from the median activity and 
the log vas computed. The error in the log of the activity 
of each ion vas then taken as the average of the differences 
betveen the log of its median activity and logs of the plus 
or minus values. The error in the log of each ion is shovn 
in Table 6. The log errors for the ions vere then combined 
Table 6. Errors of ionic activity measurements. 
Ion 
+ Error of log 
of activity 
H-" 0.2 
0.3 
H2P0; 0.1 
Cl“ 0.5 
to produce errors for each axis of the graphs by using the 
folloving formula; 
J2 2 
_ a *♦- b ... 
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The multiplication and division operations of the ensuing 
computations involved only errorless numbers and therefore 
the error of those operations was just the product of the 
errorless number and the error of the log of activity. 
For example, the error of an axis representing only 
lead activity was taken as 0.3 per Table 6, whereas the 
/ 4 3 - 
error of an axis representing 3(y^pH - jQlog E2^0^ - 
Y^log Cl”) was calculated as follows; 
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